ABSTRACT In-nest observations of the solitary bee, Megachile rotundata (F.), revealed that nesting females apply olfactory cues to nests for nest recognition. On their way in and out of the nest, females drag the abdomen along the entire length of the nest, and sometimes deposit ßuid droplets from the tip of the abdomen. The removal of bee-marked sections of the nest resulted in hesitation and searching behavior by females, indicating the loss of olfactory cues used for nest recognition. Chemical analysis of female cuticles and the deposits inside marked nesting tubes revealed the presence of hydrocarbons, wax esters, fatty aldehydes, and fatty alcohol acetate esters. Chemical compositions were similar across tube samples, but proportionally different from cuticular extracts. These Þndings reveal the importance of lipids as chemical signals for nest recognition and suggest that the nestmarking cues are derived from a source in addition to, or other than, the female cuticle.
Nesting Hymenoptera (most bees, predatory wasps, and ants) are central-place foragers that leave and return to Þxed positions in their environment, such as their nest and foraging sites. Most bee species are solitary, but some are also gregarious and nest in large aggregations of closely spaced nests either underground or in preexisting cavities (Michener 1974 (Michener , 2000 . In such aggregations, females must locate their nests amid many similar nests of conspeciÞcs. Several studies conÞrm that cavity-nesting females are very efÞcient at Þnding their individual nests, and shortrange orientation to the nesting site may involve both visual and olfactory cues (Wisclo 1992 and references therein) . Once at the nesting cavity, the decision to enter a cavity seems to be mediated by olfactory cues that allow for individual nest recognition (Steinmann 1985 (Steinmann , 1990 Anzenberger 1986; Hefetz 1992; Raw 1992; Gué dot et al. 2006) .
Upon returning to the nesting site from foraging trips, solitary bee females show little or no hesitation when entering their nests. Altering visual cues at the nesting site causes Megachile rotundata (F.) and Osmia lignaria Cresson (Hymenoptera: Megachilidae) females to sometimes hover and inspect several nest entrances (Gué dot et al. 2007 ). If they insert their heads into alien cavities, they quickly retract to continue the search for their own nest, suggesting that females use olfactory cues at close range to recognize their nest. As such for various bee species, nest manipulations that replace an entire bee nest with another active or inactive nest (Tirgari 1963 , Tepedino et al. 1979 , Raw 1992 , Hefetz 1992 , Sgolastra et al. 2004 , that replace the nest entrance with a clean entrance or with the nest entrance of another active nest (Steinmann 1976 , Hefetz 1992 , Gué dot et al. 2006 , or that wash the inside of the nest entrance with a solvent (Steinmann 1976; Wcislo 1990 Wcislo , 1992 have resulted in a delay of nest acceptance by returning females. These previous studies concluded that the bees are able to recognize their own nests as well as to discriminate between their own nest and a foreign one. Beyond these behavioral observations, only one other study has investigated the chemistry used in olfactory nest markings in a solitary bee, O. lignaria (Gué dot et al. 2006 ).
Numerous bee species in different families use glandular secretions in nest construction, presumably to help maintain proper humidity conditions within the nest (Michener 1964 , Hefetz 1998 and to afford antimicrobial and antifungal properties (Cane et al. 1983 ). These secretions also may provide an individual odor to nesting cavities used for nest recognition. In some species, females have been observed dragging the tip of the abdomen at the nest entrance (Kapil and Dhaliwal 1968; Hefetz 1992 Hefetz , 1998 Strohm et al. 2002; Gué dot et al. 2006) , or scraping their mandibles on the nest (Shinn 1967 , Steinmann 1976 , Anzenberger 1986 , Sgolastra et al. 2004 , suggesting that abdominal and/or mandibular secretions may be involved in nest marking. Furthermore, the wax layer of the insect cuticle is composed of a mixture of lipids and constitutes a reservoir of chemicals that can play an important role in semiochemical communication, including species, kin, and nest recognition (reviewed in Howard and Blomquist 1982, 2005; Howard 1993; Singer 1998) . Studies of various social Hymenoptera have shown that the chemical cues on the nest or comb are similar to the composition of the cuticular lipids of colony members, thus, revealing the relationship between the insect cuticle and the nest for colony recognition (Howard 1993 , Singer 1998 .
The current study examines nest recognition in the alfalfa leafcutting bee, Megachile rotundata (F.) (Hymenoptera: Megachilidae). Native to Eurasia and accidentally introduced to North America in the 1930s (Michener 2000) , this species is active during the summer months and commonly used in commercial pollination of alfalfa for seed production in North America (Bohart 1972 , PittsÐSinger 2008 , PittsÐSinger and Cane 2011 . Females nest in natural and artiÞcial cavities in which they build linear series of cells. Although gregarious (Kukovica 1966) , each female forages for leaf materials used for nest linings and partitions, and provisions her own nest with pollen and nectar (Osgood 1964, Klostermeyer and Gerber 1969) .
The objectives of this study were: 1) to determine whether M. rotundata females rely on olfactory cues for nest recognition, and 2) to identify nest-marking compounds and compare them to those found on the cuticle of the resident female. To accomplish these objectives, we conducted observations of in-nest marking behavior and manipulated nests to determine where the marking occurs and whether it is used for nest recognition. We also conducted detailed analyses of lipids extracted from portions of the nest cavities and from the cuticles of the nesting females.
Materials and Methods
Bee Population. M. rotundata prepupae (cocooned Þfth instars) were purchased from JWM Leafcutters Inc. (Nampa, ID) and kept in cold storage at 4 Ð5ЊC. At 10-d intervals, groups of prepupae were transferred to a 29ЊC incubator to complete development and emerge (incubation duration was Ϸ18 Ð19 d for males and Ϸ21Ð24 d for females). Newly emerged females were brießy cooled (4 Ð5ЊC) and then uniquely marked on the thorax with colored paint (Testors, Rockford, IL) . Six groups of 20 Ð30 females (and twice as many males for each group) were released for nesting in JuneÐAugust 2003, and four groups in JuneÐ August 2004. Data were collected after bees had mated and females had initiated nesting, at least 1 wk after release.
Study Site and Nesting Materials. Bees were released in a greenhouse at the U.S. Department of AgricultureÐAgriculture Research Services (USDAÐ ARS) Bee Biology and Systematics Laboratory in North Logan, UT. A greenhouse section (greenhouse body ϭ 8.7 by 19.6 by 2.4 m; apex of triangular roof ϭ 4.5 m) planted with alfalfa, Medicago sativa L. (Fabaceae), was equipped with an observation room and nesting cavities similar to that reported in Gué dot et al. (2006) . Glass tubes (total length ϭ 14 cm; inner diameter ϭ 6 mm) were used as nesting cavities to allow for in-nest behavior observations and subsequent chemical extractions. Each glass tube consisted of three removable sections: an outer section (2 cm) opening to the greenhouse, a middle section (4 cm), and an inner section (8 cm) plugged at the rear with cigarette Þlter material. The three sections comprising each complete tube were held together with Ϸ1 cm sections of clear Tygon plastic tubing (inner diameter ϭ 1 cm). Before use, all tube sections were soaked in decontaminating detergent (Harleco Multi-Terge, EMD Chemicals, Inc., Gibbstown, NJ), rinsed three times with both hexane and chloroform, and air dried.
Experimental Design. Of ϳ48 females that eventually nested, 10 were observed intermittently inside their nests from 16 June to 1 July 2003 from 0900 to 1700 hours (MST), and any behavior consistent with marking of the nest was recorded. For all 48 nesting females, manipulations of the glass tube sections were made when females were most active (1100 Ð1700 hours MST). Treatments were randomly alternated until 12 females per treatment had been tested; bees were tested once and then removed from the greenhouse. Each of three treatments and a control consisted of manipulations of sections of the glass tube being used by an actively nesting female (Gué dot et al. 2006) . For each treatment, 1) outer, 2) middle, or 3) both outer and middle sections of the glass tube were removed and replaced by similar clean sections. For the control, the glass tube was disassembled and reassembled to account for any effect of handling.
For each test bee, immediately after a treatment was applied, behaviors exhibited at her own nest cavity or at other cavities were recorded. Behaviors at her own nest cavity included: touching the entrance with the antennae, inserting her head, completely entering the outer section, entering the middle section, and contacting the provision (at the back end of the inner section). At other cavities, behaviors included touching the entrance with the antennae and entering. A "nest recognition attempt" was made each time a female touched or entered her nest or another cavity and then exited without depositing the pollen-nectar load. Each "attempt" was assigned a score of 1, and attempts at her own nest cavity and at other cavities were tallied. We also recorded whether or not the female eventually deposited the pollen-nectar load in her nest.
Statistical Analysis. Mean nest-recognition attempts at a beeÕs own nest cavity and mean attempts at other cavities were submitted to a two-sided nonparametric median test with a Monte Carlo estimate using StatXact3 for Windows (1989 Ð1997) (Cytel Software Corp., Cambridge, MA). The test statistic T is reported. Whether or not pollen-nectar loads were deposited was analyzed with 2 using SAS V8 (SAS Institute Inc., 1999 Ð2001).
Chemical Analysis. For 12 of the females used in the nest manipulation experiments, chemical analyses were conducted on extracts of their outer and middle glass tube sections and of their cuticles. Chemical analyses were also conducted on several "single-visit" outer and middle sections. These single-visit tubes were the clean replacements for the original nesting "multiple-visit" tubes and were subsequently traversed once, and possibly marked, by the returning bee. The inner section containing nest cells was not analyzed. Each of the 12 females was freezer-killed and stored in a glass vial (Ϫ16ЊC). Glass tube sections were individually wrapped in aluminum foil and stored at Ϫ16ЊC. Both outer and middle sections of a clean glass tube were also analyzed to identify any inherent chemical residue. Alfalfa pollen and leaf pieces were analyzed to identify possible plant lipid contaminants on the glass tubes. All samples were shipped to the USDAÐARS Biosciences Research Laboratory in Fargo, ND, where they were stored at 0ЊC until extracted and analyzed. Cuticular lipids were removed by placing each bee in a clean 20-ml glass vial in which the bee was rinsed with solvent by gently swirling as follows: 5 ml hexane (EMD Chemicals, Inc., Darmstadt, Germany) for 1 min, 3 ml hexane for 30 s, 5 ml chloroform (Honeywell Burdick and Jackson, Muskegon, MI) for 1 min, and 3 ml chloroform for 30 s (Buckner et al. 2004 (Buckner et al. , 2009 Gué dot et al. 2006) . Extraction solvents were Þltered through a glass wool plug in a long-stem glass funnel. For each sample, all solvent rinses were pooled, and the volume reduced under a stream of nitrogen. Lipids were extracted from glass tube sections by slowly passing three 500 l aliquots of solvent (2:1 chloroform: methanol, Fisher, Fair Lawn, NJ) down the inner walls while rotating each tube and then collecting the solvent in a test tube (Buckner et al. 2004 (Buckner et al. , 2009 Gué dot et al. 2006 ). The collected solvent was Þltered through a plug of low-lint tissue (Kim-Wipe Brand, KimberlyÐClark, Worldwide), reduced under a stream of nitrogen, and transferred into a 300 l tapered autosampler vial with three 250 l rinses with chloroform.
Individual lipid components were separated by capillary gas chromatography (GC), quantiÞed by their ßame ionization detector (FID) response, and identiÞed by GC-mass spectrometry (GC-MS). GC-FID analyses were performed using an Agilent 6890 gas chromatograph equipped with a temperature-and pressure-programmable on-column injector and a DB-1MS capillary column (J&W ScientiÞc, Folsom, CA) (0.2 mm ϫ 12.5 m, 0.33 m phase thickness). The column oven temperature program was 50ЊC for 30 s, increased to 225ЊC at 25ЊC/min, next increased to 300ЊC at 10ЊC/min, then increased to 320ЊC at 25ЊC/ min and held at that temperature for 43 min. Samples were introduced onto the column via a 2 m retention gap of uncoated, deactivated fused silica with the hydrogen carrier at 20 psig. After 30 s, the pressure was reduced to 7 psig, and then increased at 1 psi/min to 30 psig where it was held until the end of the run.
GC-MS analyses were performed on a HewlettÐ
Packard model 5890A GC equipped with a temperature-and pressure-programmable on-column injector and a 1 m retention gap, connected to a DB-1MS column (same dimensions as above) coupled to an HP 5970B quadrupole mass selective detector. The carrier gas was 0.75 ml/min helium, programmed for constant ßow. The column temperature was initially held at 150ЊC for 4 min, then programmed to 320ЊC at 4ЊC/min and held at that temperature until all peaks eluted.
Quantities of alkanes, alkenes, acetate esters, and wax esters were determined using the integrated peak area data from the FID response to increasing quantities (0.39 Ð200 ng) of the authentic standards, noctacosane (28:0 HC) (Analabs, Inc., North Haven, CT), 1-docosene (22:1 HC) (TCI America, Portland, OR), tricosanyl acetate (23 OAc), and tricosanyl heptadecanoate (40:0 WE), respectively. The latter two standards were synthesized according to Nelson et al. (1990) .
IdentiÞcation of n-alkanes and free fatty acids (FFA) were based on comparison of retention times and mass spectra of authentic standards obtained from Restek Corp. (Bellefonte, PA) and Nu-Chek-Prep, Inc. (Elysian, MN), respectively. Aldehydes (ALD) were identiÞed based on comparison of their mass spectra with standards synthesized as described in Buckner et al. (1994) . The mass spectra of all other classes of lipids were similarly interpreted: methylbranched alkanes synthesized according to Coudron and Nelson (1978) and Nelson and Sukkestad (1970) ; alkenes according to Buckner et al. (2009) ; fatty acid butyl esters, wax esters, and acetate esters of longchain alcohols according to Buckner et al. (1994) .
Results
Observations of Nest-Marking Behavior. Newly mated M. rotundata females Þrst inspected several nesting cavities (glass tubes), until one was selected for nesting. Females initiated nesting by collecting alfalfa leaf pieces and depositing them at the back of the nest to form a plug and make the walls of a nest cell. To provision a cell, females required several foraging trips during which they collected pollen and nectar. Females returning from a foraging trip regurgitated nectar and then turned around inside the nest to deposit pollen inside the leaf casing. When entering the nest, some females dragged their abdomen along the entire tube while walking toward the provision. When walking forwards or backwards to exit the nest, females also dragged the tip of the abdomen, sometimes with the stinger extruded, along the entire tube in a straight trajectory. The abdomen usually was dragged along the bottom of the tube, but sometimes along the top. Females often deposited a tiny droplet of clear ßuid from the abdomen while walking along the tube. Before exiting the nest, females sometimes stopped and moved their abdomen up and down repeatedly, in which case the abdomen did not come into contact with the tube. Occasionally, females positioned at the entrance of the nest opened and closed August 2013 GUÉDOT ET AL.: NEST RECOGNITION IN Megachile rotundatatheir mandibles repeatedly. However, no ßuids were observed associated with this behavior, and the mandibles were never observed to make contact with the tube. The nest-marking behavior was only observed once a female had begun to provision the nest.
Manipulations of the Glass Nesting Tubes. The replacement of marked tube sections with new clean sections caused females returning from a foraging trip to hesitate in front of, or inside of, their nests, exhibiting signiÞcantly more recognition attempts than in control situations (Table 1 ). All 12 females in the control group entered their nest without hesitation and provisioned it with nectar and pollen. When the outer section was replaced, females did not enter the nest on their initial arrival. They touched the entrance with the antennae, inserted their heads inside the outer section, and retreated. They checked several other cavities, returning to their own nest several times without entering (Table 1) . Replacing the outer section resulted in a signiÞcant increase in the mean attempts at the beesÕ own nests (Median test; T ϭ 20.31; n ϭ 12; P Ͻ 0.00001) and at other cavities (Median test; T ϭ 10.67; n ϭ 12; P ϭ 0.003) compared with the control treatment. Eight of these 12 females eventually entered their nest, walked to the provision without hesitation, and deposited the pollen-nectar load. The other four females abandoned their nest, began checking other cavities, and either usurped another femaleÕs nest or began nesting in a clean tube.
After replacing the middle section, the returning females entered the outer section without hesitation (Table 1) . Then, as soon as they reached the beginning of the middle section, they abruptly stopped and began touching the middle section with their antennae. These females stayed in the outer section, inspecting it with the antennae, sometimes spiraling inside it (n ϭ 2 of 12), and sometimes crossing halfway into the middle section (n ϭ 2 of 12). Females then exited the nest, hovering in front of other nest entrances, seldom entering other holes, returning to and exiting the outer section of the correct nest several times. Replacing the middle section resulted in a signiÞcant increase in the mean attempts at the beesÕ own nests (Median test; T ϭ 20.31; n ϭ 12; P Ͻ 0.00001) compared with the control treatment, but not compared with the outer section treatment (Median test; T ϭ 0.17; n ϭ 12; P ϭ 1). Females visited other cavities as often as females of the control treatment (Median test; T ϭ 1.82; n ϭ 12; P ϭ 0.38) and signiÞcantly less often than females of the outer section treatment (Median test; T ϭ 10.97; n ϭ 12; P ϭ 0.003). All 12 females ultimately crossed the middle section very slowly, resumed a normal pace when contacting the unchanged inner section, and deposited the pollen-nectar load. Before exiting the nest, several females stopped at the edge of the middle section, and hesitated again before crossing this manipulated part of the nest.
With the replacement of both the outer and middle sections, returning females exhibited similar patterns of behavior as described with females of the outer section treatment. Females hesitated at the nest entrance, touching or inserting the head into the outer section, which resulted in a signiÞcant increase in mean attempts at the beesÕ own nests (Median test; T ϭ 24.00; n ϭ 12; P Ͻ 0.00001) compared with the control treatment, but not compared with the outer (Median test; t ϭ 0.17; n ϭ 12; P ϭ 1) and middle section treatments (Median test; T ϭ 1.51; n ϭ 12; P ϭ 0.41; Table 1 ). Females of the both sections treatment examined other holes signiÞcantly more often than bees of the control (Median test; T ϭ 6.17; n ϭ 12; P ϭ 0.04) and middle section treatments (Median test; T ϭ 8.71; n ϭ 12; P ϭ 0.01), but not compared with the outer section treatment (Median test; T ϭ 0.00; n ϭ 12; P ϭ 1). Eleven of the 12 females deposited the pollen-nectar load in their nest. The 12th female abandoned her nest. Approximately 10 min after the manipulation, the original sections of this femaleÕs nest were reassembled. The female identiÞed her nest within a few minutes and resumed normal nesting behavior.
Chemical Analysis. The extracts of the cuticles of two of the 12 bees examined were removed from percentage composition calculations because of gross contamination with phthalate and adipate plasticizers of unknown origin. GC-FID and GC-MS analyses of the cuticular lipid extracts and the outer and middle multiple-visit nesting tubes as well as outer and middle single-visit nesting tubes (if available) revealed the same six lipid classes: n-alkanes, alkenes, methylbranched alkanes, wax esters, aldehydes, and acetate esters of long-chain alcohols. Comparison of GC-FID chromatograms of extracts of cuticles and the outer and middle multiple-visit nesting tubes from the same insect illustrate complex yet similar peak patterns with several notable differences ( Fig. 1; Table 2 ). The variability in lipid composition was evidenced by the relatively high standard errors for some compounds (e.g., 25-and 27-carbon hydrocarbons), and revealed how the chemistry of individual female cuticles and individual nests could differ in composition ( Table 2) .
The three major components in all Þve sample types included pentacosenes (peak 18), heptacosenes (peak 26) (both multi-peak mixtures of positional isomers), and pentacosane (peak 19). Five compounds quantiÞed in the tube extracts were not found in the cuticular extracts including tricosenes (peak 9), methylheptacosane (peak NS), arachidyl acetate (peak 15), and mixtures of 24-carbon saturated (peak 22) and 32-carbon mono-unsaturated (peak 47) wax esters. An additional 15 compounds were readily quantiÞed in the tubes, but were present in the cuticular extracts only at trace levels ( Fig. 1; Table 2 ).
Twelve compounds (italicized in Table 2 ), were also found in extracts of alfalfa leaves or pollen and were considered contaminants in the tubes and on the cuticular surfaces of the bees and, therefore, were not quantiÞed. None of these compounds were found in the cuticular lipid extracts of isolated, laboratoryemerged M. rotundata females (Buckner et al. 2009 ). Additional components not quantiÞed were identiÞed as common lab and/or environmental (greenhouse) contaminants (peaks 5, 8, and 13) ( Table 2) . Two other components (peaks 46 and 49) were unidentiÞed, but their mass spectra had no characteristics of known insect lipids.
Total lipid amounts for each sample type varied widely among tube samples: 0.8 Ð17.4 g for the outer section of multiple-visit tubes (n ϭ 12; mean Ϯ SE ϭ 5.8 Ϯ 1.7 g); 1.2Ð22.6 g for the middle section of multiple-visit tubes (n ϭ 12; mean Ϯ SE ϭ 7.7 Ϯ 1.8 g); 0.1Ð 0.9 g for the outer section single-visit tubes (n ϭ 5; mean Ϯ SE ϭ 0.4 Ϯ 0.1 g); and 0.1Ð1.5 g for the middle section single-visit tubes (n ϭ 6; mean Ϯ SE ϭ 0.5 Ϯ 0.2 g). Much more lipid was extracted from the cuticles, and less variation was found among these samples: 16.5Ð 40.6 g for the cuticles (n ϭ 10; mean Ϯ SE ϭ 26.2 Ϯ 2.1; Table 3 ).
Comparisons of the total amount of lipid present in the outer versus the middle tube sections of the same nest also indicated variation between bees. Several females deposited less than half the amount of lipid in the outer (mean Ϯ SE ϭ 1.6 Ϯ 0.5 g) compared with the middle section (4.9 Ϯ 1.0 g; n ϭ 5), as would be expected if equal amounts of lipid were applied evenly throughout the nest because the outer section is half the length of the middle section. However, other females more intensely marked the outer tubes with some of them depositing equivalent amounts of lipid in the outer (8.6 Ϯ 2.7 g) and middle (10.4 Ϯ 3.3 g) sections (n ϭ 6), while another deposited more in the outer section (9.9 g) compared with the middle section (4.7 g). For the four sets of matching single-visit outer and middle sections, three of them contained more lipid in the outer (0.3 Ϯ 0.1 g) than in the middle (0.2 Ϯ 0.1 g) sections.
For all Þve sample types (multiple-and single-visit middle and outer tubes, and cuticles), the mixtures of alkenes, n-alkanes and very small quantities of monomethyl-branched alkanes were mainly odd-numbered Table 2 . Noticeable peaks that are unlabeled were of insufÞcient concentration to create a peak in the GC-MS chromatogram. n/a n/a n/a n/a 2 16:0 FFA n/a n/a n/a n/a n/a 3 18:2 and 18:1 FFAs n/a n/a n/a n/a n/a 4 18:0 FFA n/a n/a n/a n/a n/a 5 4-16:0 n/a n/a n/a n/a n/a 6 18-OAc 1.9 Ϯ 0.8 2.3 Ϯ 0.7 1.7 Ϯ 0.6
Contaminant n/a n/a n/a n/a n/a 9 23:1 HC 1.7 Ϯ 1.2 1.2 Ϯ 0.7 0.4 Ϯ 0.1 0.6 Ϯ 0.1 Ñ 10 23:0 HC 1.1 Ϯ 0.4 1.5 Ϯ 0.4 1.6 Ϯ 0.2 1.3 Ϯ 0.2 1.9 Ϯ 0.3 11 20:1 FFA n/a n/a n/a n/a n/a 12 20:0 FFA n/a n/a n/a n/a n/a 13 4-18:0 n/a n/a n/a n/a n/a 22:0 FFA n/a n/a n/a n/a n/a 25A' HC n/a n/a n/a n/a n/a 30 ALD n/a n/a n/a n/a n/a 44 C29 sterol Unknown n/a n/a n/a n/a n/a 47 32:
Unknown n/a n/a n/a n/a n/a 39:0 WE n/a n/a n/a n/a n/a 58 40:U WE 0.8 Ϯ 0. (Table 2) . Interestingly, the relative proportions of alkenes and alkanes differ between the tubes and cuticles (Table  4) . Analyses of the cuticular extracts revealed that the majority of the lipids (85%) were comprised of hydrocarbons, with nearly equal proportions of alkanes and alkenes. Within all four types of nesting tube samples, the percentage composition of alkenes was two to three times higher than the percentage composition of alkanes. The tube samples also contained small proportions of acetate esters, while only trace amounts were found on the cuticles (Table 4 ). All 35 nesting tube samples contained quantiÞable levels of 18-OAc (peak 6), and 31 of them contained the 20-carbon ester (peak 15). Selected ion monitor analyses of GC-MS data revealed that only 5 of the 10 cuticular extracts contained trace levels of 18-OAc, while only two extracts had detectable levels of the 20-carbon isomer. The percentage composition of two other minor lipid classes, aldehydes and methyl-branched hydrocarbons, were quite low in all samples, and found only in trace amounts in the cuticles. The wax esters in the nesting tubes were identiÞed as homologous series of C24-C48 saturated and unsaturated even carbon chain-length compounds. The acid moieties were even carbon numbers ranging from 10 to 30 carbons in length. The mono-unsaturated acid moieties were 14 Ð24 carbons, and 18:2 and 18:3 were the only polyunsaturated acids found. The most common acids were 18:1 and 16:0. The alcohol moieties had even carbon numbers ranging from 8 to 32 carbons. Unsaturated alcohols were tentatively identiÞed in the wax esters ranging from 28 to 42 carbons. The putative unsaturated alcohol moieties were comprised of even carbon chain lengths ranging from 18 to 22 carbons and were esteriÞed to acid moieties ranging from 10 to 20 carbons, including the unsaturated acids from 18 to 22 carbons long. Because each wax ester peak is comprised of a mixture of several geometric isomers, further puriÞcation of these novel unsaturated alcohol-containing moieties is required before they can be positively identiÞed.
Of all the wax ester chain lengths identiÞed from these samples, the 46-carbon unsaturated wax ester (peak 64) had the highest percent composition in 9 of the 10 cuticular extracts and also was in highest abundance in unmated M. rotundata females (Buckner et al. 2009 ). The 38-carbon unsaturated wax ester (peak 55) was the wax ester with the highest percentage composition in 11 of the 12 middle nesting tubes samples. In contrast, among the 12 multiple-visit outer nesting d Lipid classes were abbreviated as follows: FFA, free fatty acid; X-YY:Z, ester with X carbon chain-length alcohol esteriÞed to YY carbon chain-length acid with Z double bonds; -OAc, acetic acid ester of the indicated chain-length alcohol; HC, hydrocarbon; ALD, aldehyde; WE, wax ester. The numbers to the left and the right of the colon for hydrocarbons, free fatty acids and wax esters are the total no. of carbons and the no. of double bonds, respectively.
e The following italicized peaks were not quantiÞed (and why): 1Ð 4, 11, 12, 21, 24, 43, 44 , and 57 (compounds found in extracts of alfalfa leaves and/or pollen and not identiÞed in extracts of laboratory-reared insects); 5, 8, and 13 (their mass spectra indicate they are known lab and/or environmental ͓greenhouse͔ contaminants); 46 and 49 (their mass spectra have no characteristics of known insect lipids).
f t, identiÞed components found in trace amounts (Ͻ 0.1%); Ñ, identiÞed component not present. g A, The hydrocarbon of indicated chain length has a single methyl branch; AÕ, the methyl branch is in the 2-, 3-, or 4-position. h U, A mixture of wax esters was identiÞed with one, two and/or three points of unsaturation at this chain length. i Compound was not seen in the individual sample chosen for Figure 1 but was observed in at least half of the samples analyzed. The wax esters found in both the nesting tube and cuticular extracts can be divided into three chainlength groups. The Þrst group is comprised of wax esters from 24 to 32 carbons. Only trace amounts of these wax esters were found in cuticular extracts, but 4.7 and 7.6% of the total lipid found in middle and outer nesting tube extracts, respectively, were identiÞed as saturated and unsaturated 24-to 32-carbon wax esters. The second group contains wax esters from 34 to 38 carbons. In this group, large quantities of unsaturated (having 1, 2, or more double bonds) wax esters are present as evidenced by multiple peaks of the same chain-length geometric isomers (peaks 53 and 55). These chain lengths were present at higher levels in the percentage of total lipids in the middle (11.6%) and outer (10.6%) nesting tubes samples, but were also detected in all of the cuticular extracts (3.1%). The third group is comprised of saturated and unsaturated wax esters from 40 to 48 carbons, identical to the distribution found in the cuticular lipid extracts of isolated, laboratory-emerged M. rotundata females (Buckner et al. 2009 ). These chain lengths of wax esters were found in both cuticular (10.2% of the total lipids) and nesting tube extracts (7.7 and 9.8% of middle and outer nesting tube lipids, respectively), but the nesting tube samples contained more than twice the amount of the saturated compounds as the cuticular samples.
Discussion
Our in-nest observations revealed that M. rotundata females mark their nest with abdominal olfactory cues that they use for nest recognition in aggregations of conspeciÞcs. Another megachilid species Osmia lignaria Say is also known to drag the abdomen to mark the entire length of the nest cavity (Gué dot et al. 2006) . Nest-marking with abdominal secretions also has been documented in the solitary bee Xylocopa pubescens (Hefetz 1992) , and anecdotal observations have suggested it in O. bicornis L. (ϭO. rufa) (Strohm et al. 2002) . Deposition of mandibular secretion has been suggested for O. cornuta (Latreille) and O. bicornis (Shinn 1967 , Steinmann 1976 , Anzenberger 1986 , Sgolastra et al. 2004 ), but detailed observations revealed no evidence for mandibular secretions in O. lignaria (Gué dot et al. 2006 ). Our observations offer no evidence that M. rotundata females use mandibular secretions in nest-marking.
The removal of olfactory cues through manipulation of nest tube sections caused females to temporarily and sometimes permanently reject their own nest cavity. Furthermore, females rejected the nests of other females or unused glass tubes when they explored other cavities after manipulation. Although these results suggest that the chemical cues detected by the resident bee are individual nest recognition cues, we did not switch tube sections of two conspeciÞc marked nests and, therefore, cannot deÞnitively conclude that the nest-marking chemicals are used to distinguish between conspeciÞc nests.
Although the extraction methods for our bioassay would not have captured volatile compounds, the response of bees to nest manipulations indicates that cues found inside the nests are persistent and occur throughout the nest, and that they elicit a response when females are in close contact with them. The removal of recognition cues from the nest entrance affected females more than the removal of cues deeper in the nest. The importance of olfactory cues at the nest entrance has been documented in several solitary bee species (Steinmann 1976; Hefetz et al. 1990; Wcislo 1990 Wcislo , 1992 Hefetz 1992) .
In half of the nesting tubes examined, equivalent amounts of lipids were present in the 2-cm outer and 4-cm middle sections, indicating that these resident females applied twice the per cm amount of nestmarking substance to the outer, smaller section. Similarly, outer sections of single-visit tubes also had more nest-marking substance per centimeter than matching middle sections. The greater amount of lipids per unit area at the nest entrance could be because of behavioral variability in individual bees because of size, age, or experience. For instance, as in O. lignaria (Gué dot et al. 2006) , some M. rotundata females increased guarding and intensiÞed nest-marking behavior at the entrance in response to intrusions by other females. Such intense and fresh nest-marking may function as a warning signal to intruders, or it may simply be used to cover any chemicals intentionally deposited by the intruder, especially if the intruder may have intended to usurp the nest.
Chemical analysis of the extractions from nesting tubes revealed the presence of hydrocarbons, wax esters, aldehydes, acetate esters, free fatty acids, alcohols, and sterols (with the last three lipid classes originating from alfalfa leaves or pollen). Previous studies reported similar, but not identical, lipids in nests of cavity-and ground-nesting solitary bees (Brooks and Cane 1984 , Kronenberg and Hefetz 1984 , Shimron et al. 1985 , Hefetz et al. 1986 , Espelie et al. 1992 , Gué dot et al. 2006 . Overall, the compounds present in the glass tubes were consistent throughout the entire nest, with outer and middle sections varying only slightly in the relative proportions of alkenes and alkanes. The cuticular lipids from the resident bees contained similar components to those found in their nests. However, the percentage composition of the alkanes was much higher in the cuticular extracts, while the percentage composition of the alkenes, acetate esters, and wax esters were lower than that found in the nest tubes. Additionally, several lipids found in the tubes were found in only trace amounts on the cuticle or were absent. Of particular interest are those lipids that were present at noticeably higher levels in the tubes than on the cuticle (i.e., saturated and unsaturated wax esters with 24 Ð34 carbon chain lengths and two acetate esters). The differences between the lipid compositions of the nest-markings and the bee cuticles strongly imply that the cuticle is not the sole source of nest-marking compounds, although it could contribute to them. The similarity in the chemical compounds found in the tubes and on the cuticles could be because of in-nest activities, such as dragging the abdomen or turning around in the nest, which may allow any chemical on the nest surface to be transferred to the cuticle (Hefetz 1990) , and also cuticular lipids to transfer from the bee body onto the nest. Indeed, the amounts of cuticular lipids previously reported for newly emerged M. rotundata females (Buckner et al. 2009 ) were higher than those presented here for nesting females, indicating a loss of cuticular lipids, possibly during in-nest activities or because of factors such as bee age and physiological state. Although Þnd-ing lipids in the single-visit sections (without observed nest-marking activity) suggests the possibility of passive transfer from the cuticle to the nest, not all lipids found in those sections occurred on the cuticle and, therefore, could not have been only cuticular in origin. Other behaviors, such as dragging the abdomen or rubbing together the hind legs across the abdomen may serve to apply secretions from abdominal glands onto the nest as well as onto the cuticle. Chemicals present on the cuticle of nesting females in this study were not found on newly emerged females (Buckner et al. 2009) , and this suggests that additional chemicals may be added to the cuticle over time on account of nesting behaviors, although the cuticular composition also may change in amount and complexity with bee age and foraging experience.
Nest tubes from different bees contained very similar mixtures of lipid compounds, but the differences in the relative abundance of various compounds could have provided the variability necessary for individual nest recognition (Barrows et al. 1975; Kronenberg and Hefetz 1984; Shimron et al. 1985; Hefetz et al. 1986; Hefetz 1987 Hefetz , 1990 . Discrepancies between singleand multiple-visit tube sections also may indicate that the nest-marking process is dynamic and that relative abundances of compounds change over time. In this study, differences between tube sections in the abundances of mixtures of unsaturated wax esters may hint at possible candidates for the unique signals in chemical proÞles that would allow for individual nest recognition. The presence of unsaturation on either the alcohol or the acid side of the wax ester allows for the generation of many geometric isomers at any given chain length. However, the cuticular extracts exhibited unsaturated alcohol moieties more often (at more different chain lengths and as more different geometric isomers at a single chain length) than either the outer or middle nesting tube samples, meaning that the wax esters on the cuticles offered more signal variation than those found in the nesting tubes.
Behavioral evidence strongly indicates that nest recognition cues are deposited inside the nest from the abdominal region of nesting females. Nest-marking chemicals could originate from the DufourÕs gland , Hefetz 1992 , other exocrine glands (Hefetz 1998) , or even the hindgut. Extractions of the cell lining of several ground-nesting bee species have revealed the presence of DufourÕs gland secretions, to which several functions have been attributed, including nest entrance marking (e.g., Albans et al. 1980; Cane 1981; Brooks and Cane 1984; Williams 1986; Hefetz 1987 Hefetz , 1998 Gerling et al. 1989; Abdalla and da CruzÐLandim 2001) . The morphology of the DufourÕs gland and its position within the sting of M. rotundata support the idea that dragging the abdomen along the nest tube could facilitate the delivery of a nest-marking secretion originating from the DufourÕs gland (PittsÐSinger et al. 2012 ). Although we did not examine the DufourÕs gland content of bees in this study, future studies should compare extracts from the cuticle and gland of actively nesting females to those from laboratory-reared females to determine if and how the DufourÕs gland contributes to cuticular lipid composition.
In conclusion, this study demonstrates the importance of olfactory cues for nest recognition in M. rotundata, and that these cues are located throughout the nest and especially at the nest entrance. This information provides a better understanding of how females may identify their nests among similar cavities in large nesting aggregations. Some or all of the identiÞed compounds present inside the nests, or possibly other components lost during our extractions, remain to be identiÞed as those responsible for the unique signals that allow for individual nest recognition in M. rotundata.
